The paper presents a design optimization procedure appropriate for distribution transformers with amorphous alloy cores. Several considerations and the main differences from the design practice of conventional transformers are presented and discussed in detail. Moreover, comparison of results present the significant benefit in the transformer energy efficiency by the selection of amorphous alloy core, despite its initial higher installation cost.
Introduction
Energy efficiency is a key point in current European policies and an environmental necessity for the future. In accordance with European laws and decrees, utilities involved in the energy sector have to improve equipment, networks or grids and demonstrate efforts made in terms of energy efficiency and energy savings. Distribution transformers are one of the two largest loss making components in electricity distribution networks, therefore their loss reduction can bring substantial economic and environmental benefits. In the last decade, rapid changes and developments have been made in the field of the transformer design. The trend of reduction in transformer losses in the last few decades is related to a considerable increase in energy costs [1] . One of the ways to reduce the core losses is to use better and thinner grades of core steels, but their price is higher. However, continuous efforts are directed at developing improved electrical steels with lower iron losses for energy-efficient transformers [2] . It is well known that low magnetic losses of amorphous material are attributable to the material's amorphous condition and small thickness of the ribbon [3] [4] . Amorphous magnetic materials (so-called amorphous alloys) have become the latest energy-saving materials for transformer cores, the main component of which is iron, silicon and boron [5] . High magnetic conductivity of amorphous alloy makes amorphous core transformers possess favorable energy-saving effect. Although the impact of the lower losses is very favourable to the transformer energy efficiency, the lower operating inductions of amorphous cores alter significantly the overall transformer design, thus necessitating a comparative performance evaluation revealing the advantages and shortcomings of different transformer designs and of different types of steel used to build the magnetic circuits [6] . The wound core distribution transformer seems to be an optimum design if it complies with electrical behavior requirements notably the short circuit test which induces important mechanical stresses into the active part [7] .
Transformer characteristics and design optimization
The considered transformer configurations are wound core type distribution transformers. The design optimization is carried out by developing a conveniently adapted methodology similar to the one presented in [8] [9] , based on mixed non-linear integer programming. The methodology is applied to the overall cost minimization of the transformer main materials. The transformer design is based on the minimization of the overall transformer cost function: where c j and f j are the unit cost (€/kg) and the weight (kg) of each component j (namely, primary winding material, secondary winding material, magnetic material, insulating paper, duct strips, oil, corrugated panels and sheet steel), and x is the vector of the four design variables, i.e. the number of low voltage turns, the magnetic induction magnitude (B), the width of core leg (D) and the core window height (G) (Fig. 1 ). The minimization of the objective function is subject to constraints based on the technical specifications by IEC 60076-1 [9] and the transformer manufacturer specifications. Two different types of core material are considered, namely the magnetic steel HiB, used in conventional types of cores and a Fe-based amorphous ribbon material [10] . The core loss characteristics of both materials are presented in Table 1 presents the characteristics of the optimal designs of a 1000kVA, 20/0.4kV distribution transformer, using the core materials of Fig.1 . For a proper comparative analysis, the optimal designs were compared on a common basis of input data, using the same current density values for the low and high voltage windings, and without constraints on the no load and load losses. According to Table 1 , in both types of materials, the optimal design magnetic induction is the higher operating induction from the permissible range of Fig. 2 , namely 18000 and 14000 for HiB and amorphous material, respectively. Due to the lower operating induction of the amorphous material, the core width and height as well as the number of low voltage turns is generally higher in these designs. Figure 3 presents the cost of each material as a percentage of the total cost of the 8 main materials, in the case of the conventional and the amorphous core designs 12 of Table 1 . The
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Applied Electromagnetic Engineering for Magnetic, Superconducting and Nano Materials designs No 12 are chosen because the difference in the load loss is quite small (compared to the other designs), so the impact of the difference in the no load loss can be better observed in the cost and total energy loss. Figure 4 compares the no load and load loss of the designs of Table 1 , indicating the difference in the amorphous designs core loss (in most cases they are less than half of the respective core loss of the HiB designs), while the difference in the load loss is favourable for the conventional designs. Figure 5 presents the annual energy and energy cost of losses for the HiB and amorphous designs No.12 of Table 1 , corresponding to a period of 30 years, load factor l f =40% (corresponding to loss factor 2 0.15 0.85 f f LF l l = ⋅ + ⋅ = 0.196), discount rate 6%, load growth rate 3.5%
and energy cost equal to 0.087 €/kWh. The annual energy is the sum of the annual energy corresponding to the load and no load loss, respectively. The annual energy corresponding to the transformer load loss at any time is equal to full load copper losses multiplied by the square of the transformer's utilization factor, the loss factor LF and the hours of the year according to (2) . The demand of each year is calculated based on the initial demand and the respective load growth rate. The annual energy corresponding to the no load loss is calculated by direct multiplication of the no load loss value of the transformer to the 8760 hours of the year, since the no load loss is constant throughout the transformer lifetime. 
Fig . 5 illustrates the significant economic benefit resulting from the lower load loss of the amorphous core transformer. Transformer Total Owning Cost. In order to quantify the impact of losses on the economic analysis of the designs of Table 1 , the total owning cost (TOC) is calculated, i.e., the transformer purchasing cost plus the transformer operating cost, according to:
where CRM denotes the cost of the transformer remaining materials (€), LC denotes the labor cost (€), M denotes the transformer sales margin (%), A denotes the equivalent no-load loss cost rate (€/W), and B denotes the equivalent load loss cost rate (€/W). The loss evaluation factors (A and B) are calculated by the IEEE standard method [11] .
Total Owning Cost with Environmental Externalities. Τhe environmental impact of transformer losses is inserted in the TOC formula through a proper methodology [12] [13] . The main aspect of this methodology is to quantify the penalties associated to emissions due to transformer losses, overcoming the difficulty to define the exact contribution of each transformer to these emissions. For that purpose, a reference transformer is selected, i.e. a transformer with reference noload losses NLL r and reference load losses LL r . For any given transformer that has no load losses less than the no-load losses of the reference transformer ( Table 2 and Figure 6 compare the cost of main materials, the total owning cost and the total owning cost including environmental externalities for the designs of Table 1 . A reference transformer with NLL r =1100W and LL r =9500W is selected for the evaluation of the environmental cost, corresponding to category CC' of CENELEC [14] , i.e. the category with the lowest losses for the 1000kVA rating. It is important to note that the no-load losses of all amorphous designs are Materials Science Forum Vol. 721 161 significantly lower than NLL r , therefore e NLL A P ⋅∆ in (4) is negative and in most cases TOC e is lower than TOC for the amorphous core transformers, resulting to significant economic benefits, compared to the conventional ones, if environmental externalities are taken into account. (a) (b) Fig. 3 Components of main materials cost for the optimal designs 12 of Table 1 : (a) conventional transformer (b) amorphous core transformer. Table 1 .
